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what C is the final d y a d field of chlorophyll and CM is the model field (sum of the 4 phytoplankton group). hertion of satellite chlorophyll serves a biasarrection capability.
The matching of L a p~s of the model chlorophyll and model/satellite chlorophyll extends the bias d o n away from the satellite data points, while maintaining the higher order model variability. Because of the wide range of chlorophyll over the global oceans (>3 orders of magthde), model and satellite data were log-transformed (base 10) before applidon dEq. 1. The analyzed chlorophyll was transformed back to linear form for rehitiahtiion, and d & i i among the 4 phytoplankton groups in such a way to retain the Data assimilation was performed daily, to remove biases associated with sampling by SeaWSS (i.e., cloud cover, sun ght, interabit gaps), that are incorporated in 8-day and monthly dataproducts. Assimilation occuned at model midnight,
The daily assimilation required M y forcing data. These were all from the same sources as in Table 1 , except at daily time-vmg frequencies. Daily wind stresses were weighted 80:26 perrcent monthly:ddy to minhize trausient high wind events. p r e v i W~~& W~C e s . CRAM is cumjnhbally very fast, so much that there is nearly negligible additional procasing h e in its use. However, it is very strongly weighted toward the data. Thus data errors are a very impOrtaat problem in its application. For this reason, data errors must be minimizd t~ the extent possible. In the present application, data error mhimktion efforts involved: 1) All daily SeaWiFS chlorophyll > 2 times the monthly mean were excluded 2) Monthly mean SeaWiFS data were weighted 25% to 75% daily data 3) SeaWiFS data occurring within a model grid point containing ice were excluded 4) Regional weighting of model and SeaWiFS chlorophyll was dorced ( Figure 3) The fourth data error minimization was based on analyses by &egg and Casey (2004) indicating regiomwhere SeaWiFS tended to perform poorly compared to in situ data. It was also partly based on assimilation trial-and-error: where the assimilation produced negative values of any of the model variables or where unrealistic values occurred, heavier weighting toward the model was enforced. Typically the two conditions overlapped. For example, excessively high chlorophyll concentrations were produced by the assimilation in the Congo and A m m d h m River discharges. These are regions dominated by CDOM, which produce mmeous chlorophyll values in satellite retrievals. These regions were shown to bave a poor comparison with m situ data (Gregg and Casey, 2004) . Similar problems occurred with respect to regions where absorbing dust is prevalent, such as the tropical Atlantic and North and Equatorial Indian Oceans (Gregg and Casey, 2004). The r e g i d modd weighting fkctom used in the assimilation are shown in Figure 3 . There were thnee miations on regional weighting that were applied seasonally. All three are showninFigure3.
DatrrSels
Globel chiorophyll data h m SeaWiFS were obtained from the NASA Goddard Earth Science Disbribplted A.ctive Archive Cbter (GES-DAAC) site at daily and monthly, 9-km resolution. The data set version number was 4.0. The data were re-mapped to the model grid before asshihion and comparison. Daily data were used for assimilation; monthly data were USBd for anatysis.
Forciag data sets are shown in Table 1 This was an updated version of the Same combined data set used by &egg and Casey (2004). The in situ data were remapped to the model grid on a daily basis.
Ana&&
SeaWiFS chlorophyll assimilation was evaluated in the context of chlorophyll (state estimation) and primary production (flux estimation). In both cases, assimilated fields were compared to those fiom a free-m model (no assimilation but using the same startup distributions and forcing data). For primary production, fiee-m model-computed primary production was compared with modelcomputed primary production derived from assimilated chlorophyll and finally against primary production derived directly h m satellite chlorophyll data using the Vertically Generalized Production Model (VGPM, Behrenfeld and Fallrowski, 1997) .
Analyses involved use of what is defined here as the Annual Root Mean Square Log Error:
where RMS, , is the monthly RMS log error (computed by comparing monthly mean model chlorophyll derived fiom assimilation (Cmh) with monthly mean SeaWiFS chlorophyll (Cd), n is the number of co-located assimilation and SeaWiFS chlorophyll values for each month, and RMS, is the annual RMS log error, which is simply the mean of the monthly RMS log errors over 12 months of a year. This methodology keeps the sense of the monthly deviations of the assimilation fiom SeaWiFS, unlike comparing data fkom an annual mean, while producing a single value over an entire year. L Assimilation model m u a l RMS log errors were evaluated by comparison with those fiom the he-run (control) model. The assimilation frequency was also adjusted, by assimilating every 2 days, 3 days, etc. instead of daily assimilation, to observe error growth.
Additionally, SeaWiFS, fiee-run model, and assimilation model chlorophyll were compared against the large data base of in situ chlorophyll data fiom NASNSeaBASS and NOANNODC. Analyses involved use of the RMS log error defined similarly to the monthly analysis define in Eq. 2 except compiling all dady data over the 6-year time span into a single representation of RMS log error, where in situ data and satellite/model data were coincident and co-located. Bias is defined as the mean error the daily coincident, colocated in situ and satellite/model data -6 -primary production provided a means to evaluate the ability of the assimilation model to improve flux esthaks . pritnsry w o n was computed in the model as a function of growth rate multiplid by the carbon:chlmophyll ratio:
where is the realizsd new growth raQe of phytoplankton component i, C, is the chlorophyll Concentrortian of cornpcmmt i, @ is the cat.bon:chlorophyll ratio, and the product is integrated o m depth. Assimilation of chlorophyll affected the total chlorophyll but not the relative abundeooes of the p;hytoplaakton groups, p, or 0 directly. All three can be afikcted by the assimilation of d a q h y l l indirectly, however, by changing the irradiance in the water cdumn and the horizontal and vertical gradients of phytoplankton and nutrients. Primary production compubed by the $ree-run model and the assimilation model were i n m p a r e d , and atso w e evaluatad against an independent estimate by the VGPM. The VGPM requh.es chlarophyll, SST, and photosynthetically available radiation (PAR) as inputs. Chlorophyll was taken h m SeaWiFS, SST was the same source as used for model forcing (Table l) Figure 3 ) except the Equatorial Pacific, whlch exhbited very little seasonal variability. Global annual chlorophyll was 18.2% lower than SeaWiFS, with an annual RMS log error of 25.4%. Annual mean log-tramfmed dissolved iron concentraths in the model surface layer were positively correlated with observations ( F' < 0.05) over the 10 (out of 12) major oGeanographic basins where data were available (1951 in situ data d daived I6rom the general literature)). The basins where dissolved iron data were lacking were the south Indian and South Atlantic (see Figure 3 ).
Overall patterns of phytupiankton functional group distn'butions exhibited broad qualitative qpement with in situ data (359 surface layer observations). Three of the four phytoplankton groups exhibited &tistidly sipficant correspondence across basins. Chloropbytes did not. CNorophybs are a transitional group in the model, and they represent a wide range of phytopl-such as flagellates, Phaeocystis spp., etc. This expectation is probably unrealistic, which accounts for the lack of statistical signdicance in their relative abundances. However, it is encouraging that diatoms, cyanobacteria, and coccolithophore annual m e a relative abtmdmces were &itistically positively correlated with data. seawoFsAsslmilatlsA 2 m Model execution for 2001 using daily fming was used to evaluate the effectiveness of chlorophyli assimilatim. Basin-scale seasonal variability for both the free-run and assimilation models were statistidy positively correlated with SeaWiFS in all 12 major basins, but the conrelafiofl d c i e n t s for the assimilation model were much higher ( Table   2 ). This suggests the lack of s i d c a n c e for the Equatorial Pacific in the climatological model was due to use of climatological forcing.
Daily assimilated satellite chlorophyll from SeaWiFS for A@ 1 compared favorably with monthly mean SeaWiFS data (Figure 4 ). Although there was broad agreement between the free-run model and SeaWiFS monthly, the improvement using assimilation was clear. SeaWiFS chlorophyll for the same day as the free run and assimilated models is also shown, but because of cloud obscuration, sun g h t , a sensor tilt change, and inter-orbit gaps, it is difficult to evaluate the comparison. This illustrates the additional usefulness of assimilation, in providing complete daily cwerage. A more quantitative description of the effectiveness of assimilation is provided using monthly means of the assimilation model and SeaWiFS, and taking the difference ( There was a band in the Equatorial Atlantic where the assimilation model overestimated SeaWiFS, that did not appear related to the Congo River.
The growth of error as a function of assimilation frequency was tracked using the annual RMS log error (Figure 7 ). Using daily assimilation, the annual RMS log error was 7.7% relative to SeaWiFS, which was a very large improvement over the error for the free-run model at 23.8%. The mor grew as the assimilation fiequency decreased. It was still 4 0 % if the assimilation occurred every 3 days. It stayed below 15% for assimilations occurring every 10 days or less. At the other extreme, very low assimilation frequencies, the annual RMS log error approached the free-run model. The lowest assimilation frequency was once per year (every 183 days) for which the error is indistinguishable from the free-run model.
Sea WiFS Assimilation 199 7-2003
A long-term run of the fiee-run model and the assimilation model for 1997-2003 using monthly forcing illustrates the improvement of assimilation in the major oceanographic basins ( Figure 8 ). The free-run model produced seasonal variability in good agreement with SeaWiFS basin mean chlorophyll, and also good correspondence with low biases in many of the basins, such as the North Central Pacific, North Atlantic, Equatorial Pacific, South Indian, South Atlantic ( Figure Sa ). There were several basins where a substantial bias was apparent in the free-run model. This was particularly true in the North Indian and Equatorial Atlantic, where a large underestimate by the model occurred, but also in the spring bloom peaks in the North Pacific and Antarctic basins, with underestimates and overestimates buy the model, respectively.
The assimilation model kept the seasonal variability agreement with SeaWiFS that the free-run model demonstrated, but additionally reduced the basin mean biases (Figure 8b) .
The Antarctic and North Central Atlantic, which in the free-run model exhibited substantial biases, were now i n nearly complete agreement. The large departure in the North Central Atlantic in autumn 1998 cOtreSpOnded to a massive dust plume arising from northwestern Afi.ica that was apparently undetected by the SeaWiFS processing algorithms (Gregg, 2002b) . It was excluded by the assimilation here. The North Indian and Equatorial Atlantic showed improvement in the assimilation model, but still underestimated SeaWiFS. Model weighting hctors were very high in these basins because of low confidence in SeaWiFS data (Gregg and Casey, 2004 ).
The assimilation model continued to underestimate the North Atlantic and North Pacific spring bloom maximum (Figure 8b ). In the North Atlantic, the underestimation appeared to be worse in the assimilation than in the free-run model. However, the distribution of chlorophyll over the North Atlantic was improved by the assimilation, as noted earlier (Figure 4) . The very high spring bloom peaks in SeaWiFS in the North Pacific were not simulated well by either the b i u n or assimilation models. Most of the high values were derived from extremely high SeaWiFS chlorophyll in the western Bering Sea, near
Kamchatka.
A detailed comparison of the models w i t h in situ data again showed major improvement by assimilation. RMS log error of the SeaBASS/NODC in situ chlorophyll archive against SeaWiFS was 26.5%, with a nearly negligible bias of 0.6% (Table 3 ). The free-run model performed much more poorly against the in situ data set than SeaWiFS: 43.4% RMS log mor and -5.4% bias. The assimilation model was only slightly worse than SeaWiFS compared to the in situ data set, with a 28.4% RMS log error and 0.9% bias. More importantly, the assimilation model (as well as the free-run model) had more than twice the number of coincident, co-located in situ/model matchup data points. This is a consequence of the absence of gaps in the model record in contrast to SeaWiFS.
Global annual primary production estimates from three sou~ces, the VGPM, h r u n model, and asimbtion model, indicated reasonably good comspondence over the 6-year time saies for which SeaWiFS data were used in this effort (Figure 9 ). hterannual variability was mimicked among all three estimates, with a slight departure in 2003, when the f b run model mdicated a slight increase fiom 2002, while the VGPM indicated a slight decrease. The assimilatian model indicated very little change. The mean of the 6-year time series indicated that the b r u n model overestimated PP as derived fiom VGPM by nearly 14%. The assimilatioa model reduced the overestimate by nearly half, producing a more minor owestimate of 7.2%. .
Summary
Assimilatim of chlorophyll data fiom SeawiFS exhibited substantial improvements over fiee-run simulations. Biases in basin means were reduced, and annual RMS log m o r s m p e d to SeaWiFS were much lower for the assimilation model (7.7%) than the fiee-m model (23.8%). This represented a 3-fold improvement. When compared to in situ data for the &year time period fkom 1998 through 2003, the assimilation model had an RMS log m o r of 28.4%, w i t h a bias of 0.90/0 for daily coincident, co-located data. SeaWiFS RMS log error was slightly lower at 26.5% with and similarly negligible bias at 0.6%. The fkee-run RMS log emlr and bias at 43.4% and -5.4%, respectively, indicated how much the assimilation improved model results. Annual primary production indicated a smaller improvement (mean d i f f e r a~ from VGPM=7.2% for the assimilation model versus 13.8% for the fiee-run model), representing an improvement of nearly a factor of 2, assuming the validity of the VGPM. These results suggest promise for assimilation of satellite ocean chlorophyll into global models. But they also point to areas of needed improvement. The fact that the assimilated variable shows the most improvement is not surprising, and is an importaut attribute for data assimilation. The fact that flux (primary production) exhibited less improvement than biomass (chlorophyll) using assimilation suggests the model continues to trend in the wrong direction despite assimilation. It also suggests that similar results may be expected for other non-assimilated variables, such as phytoplankton group distributions and nutrients. There remains considerable work to be done on assimilation of satellite ocean color, such as better handling of ocean color data errors, utilizing other model variables in a multi-variate solution, accounting for subsurface changes, as well as itlvestigating the potential for using other ocean color products, such as diffuse attenuation coefficient at 490 nm, and potentially new products such as particulate organic carbon and calcite. Nevertheless, there is much potential in ocean color assimilation, and this effort is intended to represent an initial attempt on a global scale. -full detrital dynamics with 3 components, fuuy coupled to the OGCM a new hulation for the tmpsaturedependence for grazing -a new fmdation for nitrogen fixation for the cyanobacteria component -introduction of dissolved imn scavenging and an increase in atmospheric iron solubility -new nitrogen haWsatmaticm constants for chlorophytes -new iron W -W o n constants for chlqhytes and cyanobacteria Other aspects of the biogeochemical processes model are described in Gregg et al(2003) , but are providedhere for comple4emss.
The govemhg equations of the model are
at a DN = carbodnitrogen detritus Ds = silica detritus DI = iron detritus where the symbols and values are identified in Appendix Table 1 . Bold denotes a vector quantity.
All biological processes are assumed to cease in the presence of sea ice, which is included as an external forcing field.
Phytoplankton
The growth formulation includes dependence on total irradiance (ET), nitrogen as nitrate plus ammonium (NT), silica (Sifor diatoms only), iron (Fe), and temperature ( cyanobacteria, and coccolithophores), p is the total specific growth rate (6') of phytoplankton, pm is the maximum grow& rate at 2OoC (Appendix Table 1 ). The term v(&) represents the growth rate as a function solely of the total irradiance (pmol quanta m -2 s -1 ),
ET (A1 1) cl(ET)
-------
where kp. is the irradiance at w&ch p = 0 . 5~~ and e q d s 0.5 Ik, where Ik is the light saturation parameter. The nutdent-dqmdat growth terms are 'remperaturedependent growth is from Eppley (1972) pLQ = 1 .066g-20' which produces a temperature-growth factor normalized to 20°C. The term p in Eq. A10 is an additional adjustment used for the cyanobacteria component that reduces their growth rate in cold water (<15OC) pi = 1 for the other three phytoplankton components (i=1,2,4) . This effect conforms to observations that cyanobacteria are scarce in cold waters ( Agawin et al., 2000; 1998) . 
(A19)
where the index 3 indicabx cyanobacteria The biomass dependence represents a progressive from nca-N-&ing cyanobacteria to N-fixing bacteria as the total &a nitwgea-sbressed conditions. The total N-limited growth rate plus the additional grow& &rived from N-fixation is not allowed to exceed the growth rate where total nitrogen = No accounting for denitrification is made in the model. 
NUtrienQ
The diversity in the processes affecting the four nutrient groups requires elucidation in 4 separate equations, unlike the phytoplankton. All are taken up by phytoplankton growth, w i t h silica subject only to diatom uptake (note tbe subsaipt=l in Eq. A4 denoting diatoms). For three of the nutrients, nitrate, Silica, and dissolved iron, corresponding detrital pools remineralize to return nutrients previously uptaken by phytoplankton. There is no detrital pool for ammonium, which is excreted as a function of herbivore grazing, and as a function of higher order ingestion of herbivores, represented by the team nzH2 in Eqs. A3, A5, A6, A7, and A9. Dissolved iron also has an excretion pathway, but nitrate and silica do not. The nutrient to chlorophyll ratios, denoted b in Eqs. A2-A5, are derived f r o m Redfield ratios, which are constant (Appendix Table   1 ) and the carban:chlorophyll(@) ratio which is not. (2001) . In this model, four dust size fiactions are transpofted, corresponding to clay (smallest) and three increasing fiactions of silt. The iron content is assumed to vary among the clay and silt fktions as follows: clay = 3.5% iron, silt = 1.2?? iron (Fung et al., 2000) . Iron solubility is assumed at 2% for all fractions, which is toward the low end of current estimates (Fung et al., 2000) , but is the same as used by Moore et al. (2004) .
Herbivores
Grazing uses an Ivlev formulation (McGillicuddy et al., 1995) , R(T) is the maximum grazing rate at 20" C (Rm) adjusted by temperature
The temperature-dependence for grazing is more linear than that for phytoplankton, reflecting the larger size of their overall community. The grazing represents the total loss of phytoplankton to herbivores, as indicated by the summation symbol, but is applied to the individual phytoplankton functional groups proportionately to their relative abundances. This enables herbivore grazing to adapt the prevailing phytoplankton community.
The two loss terms in Eq. A6 represent the death of herbivores (nlH) and higher order heterotrophic losses (n2H2). These formulations and parameters (Appendix Table 1 ) were taken fiom McGillicuddy et al. (1995) .
Detritus
Three detrital components represent the three major nutrient elements, carbodnitrogen, silica, and iron. The nitrogen detritus is kept as carbon in the model, but since the C:N ratio is constant, it is simple to convert' when needed. All are subject to advection, diflksion and sinking. Detrital sinking, like phytoplankton sinking, is dependent on viscosity parameterized here in terms of temperature, using the Same formulation. Remineralization is also temperature-dependent, but uses the phytoplankton growthdependence term Eq. A17. Silica contained in the diatom component of phytoplankton is assumed to pass through herbivores upon grazing directly into the silica detritus pool. No silica remains in the herbivore component at any time. Table 1 . NataticW and pafameters and variables for NOBM Values are movided for the parameten atxi ranges are provided for the mriab~es. m e a a parametes mi& according to temperature, the d u e at a specified tempratwe is shown aud identified. Nutrient/cblorophyU ratios are wiable because of ph&&&mndependence, and only the range is shown, corresponding to low-, and high-ligbt adaptation, and t h d o r e also wrr-ding to C:chl ratios of 20 and 80 g g-'. 
Initial Conditions

Symbol
Param@wNariable
